We conducted 195 Pt-nuclear magnetic resonance measurements on various-diameter Pt nanoparticles coated with polyvinylpyrrolidone in order to detect the quantum size effect and the discrete energy levels in the electron density of states, both of which were predicted by Kubo more than 50 years ago. We succeeded in separating the signals arising from the surface and interior regions and found that the nuclear spin-lattice relaxation rates in both regions show the metallic behavior at high temperatures. Surprisingly, the magnetic fluctuations in both regions exhibited anomalous behavior below the same temperature T * , which points to a clear size dependence and is well scaled with δ Kubo . These results suggest that a size-tunable metal-insulator transition occurs in the Pt nanoparticles as a result of the Kubo effect.
Since the theoretical prediction of the quantum size effect (QSE) on metallic nanoparticles by Kubo 1 , several intensive theoretical studies of this effect have been conducted [2] [3] [4] . Kubo predicted that physical properties of metallic nanoparticles would differ from the bulk properties as the system size decreased, and they depend on the parity of an even or odd electron number. For example, the magnetic susceptibilities of nanoparticles with evenand odd-number electrons differ owing to the discrete energy levels 1 . Kubo determined the mean gap size to be the inverse of the density of states (DOS) D(ε F ) at the Fermi energy ε F of an entire nanoparticle, considering that the electronic states near ε F in the nanoparticles are redistributed because of the decrease in the particle size.
The experimental results obtained for metallic nanoparticles were summarized in a review article 2 . Although several studies of nanoparticles have been conducted, the identification of the QSE remains relatively difficult. This is because the surface effect, which becomes dominant in the small-sized nanoparticles, shows a deviation from the bulk behavior, similar to that expected by the QSE. The surface regions of nanoparticles often possess non-metallic properties owing to "a boring surface state," e.g., oxidization or degradation by coating materials. An intriguing QSE obtained from the nuclear magnetic resonance (NMR) measurement of Cu nanoparticle samples has been reported [5] [6] [7] . It was reported that the Knight shift K and nuclear spin-lattice relaxation rate 1/T 1 exhibited gap behaviors similar to the Kubo effect at low temperatures, although the nanoparticlesize-dependence of the energy gap estimated using 1/T 1 was much smaller than the theoretically estimated gap, δ Kubo . Unfortunately, surface-interior separation failed because of the small Knight shift of the Cu nanoparticles, owing to the small DOS of the s-electron.
In contrast to the nanoparticles of s-electron metals, such as Cu, we focused on observing the QSE in nanoparticles of d-electron metals, in which the electrons have a large DOS at the Fermi level, to distinguish the QSE from the surface effect. Although there are many d-electron metals, we selected Pt nanoparticles for the following two reasons. First, d-electrons in the Pt nanoparticles are dominant in the DOS at ε F 8 ; thus, surface-interior separation should be easier. Second, Pt is a good nucleus for NMR measurements 9 as the gyromagnetic ratio of 195 Pt is large (γ n = 9.153 MHz/T), with a nuclear spin of I = 1/2, and is thus not subject to the nuclear quadrupole interaction. Therefore, the shift and linewidth of the 195 Pt-NMR spectrum are determined only through magnetic interaction. The d-electron contribution to magnetic susceptibility can be determined by the Knight shift measurement, as the Knight shift of Pt metal is largely negative owing to the core-polarization effect caused by the d-electrons 8 . Therefore, 195 Pt-NMR measurements of the nanoparticle sample are an excellent means of separately determining the local electronic states at the surface and in the interior regions, as well as distinguishing the QSE from the surface effect.
To date, many NMR studies have been conducted on various-sized Pt nanoparticles [10] [11] [12] 16 to clarify the surface effects but not the QSE. Rhodes et al. 10 observed the 195 Pt-NMR spectra with a broad linewidth at the LN 2 temperature; their observations showed a peak in the small Knight shift side. These spectra were assigned to a signalarising from the surfaces of the nanoparticles. This assignment was directly confirmed using the spin-echo double resonance method 11 . Bucher et al. 12 pointed out that the NMR spectra are highly dependent on the surface states of the nanoparticles due to the chemisorbtion of oxygen or hydrogen on the Pt nanoparticles.
We measured powdered bulk Pt metal and Pt nanoparticle samples prepared by the reduction of metal ions. The preparation methods are described in the Supplemental Information 13 . The mean diameters of the nanoparticles were 2.5, 4.0, 7.4, and 9.8 nm. The surfaces of all the samples were covered with PVP to prevent the oxidization and merging of the nanoparticles. All the samples had a face-centered cubic crystal structure, as determined from an X-ray diffraction pattern arXiv:2003.07585v1 [cond-mat.mes-hall] 17 Mar 2020 measured at room temperature. The distributions of the particle diameters were evaluated using a transmission electron microscope, as shown in the Supplemental Information 13 . For the NMR measurements, 500-mg samples (Pt nanoparticles and PVP) were used. The NMR measurements were performed using the conventional spinecho method with a pulsed NMR. The NMR frequency was fixed to 25.35 MHz, and the NMR spectra were measured using the field-sweep method, as the NMR spectra of the nanoparticles are considerably broader than those of the bulk material. The fields were calibrated according to the data for the standard Pt bulk embedded in Stycast, and were then converted to a Knight shift. T 1 was measured using the saturation-recovery method at each point on the spectrum i.e. various magnetic fields. The single-component T 1 was evaluated through the exponential fitting in the high-temperature range at which the Korringa relation holds. At low temperatures, the recovery of the nuclear magnetization shows a multiexponential behavior, and thus the fitting was performed in two time regions. The fastest and slowest components are shown in Figs. 3 and 4, respectively. The typical fittings of the recovery of the nuclear-spin magnetization are provided in the Supplemental Information 14 . For the low-temperature measurements, we paid considerable attention to the heating effects by the NMR RF-pulses. As a result, we obtained the NMR spectra and the recoveries of the nuclear magnetization with various-energy RF-pulses. These are given in the Supplemental Information 15 . It was found that the heating effects are negligible for the examined nanoparticles.
The NMR spectra of the samples with different mean diameters (See Sample section) at 5.0 K are shown in Fig. 1 . A sharp NMR signal was observed in the bulk Pt metal and did not change when a polyvinylpyrrolidone (PVP) coating was used. With a decrease in the particle diameters, the intensities at K ∼ −3 % and K ∼ 0 % decreased and increased, respectively. The particlediameter dependence of the NMR spectra showed that the signals around K ∼ −3 % and K ∼ 0 % were assigned as the signals from the interior and surface regions of the nanoparticles, respectively, because the ratio of the number of surface atoms to that of inner atoms increases as the particle diameters decrease. In the 4.0-nm sample spectra, a shoulder was observed at around K = +0.46 %; this is considered to be the oxidized part of the sample. In reality, the same signal was observed in the NMR spectrum of the 2.5-nm sample which had been left for a month in the ambient atmosphere, and was assigned as the 195 Pt-NMR signal from H 2 Pt(OH) 6 10,11 . The additional NMR peak 10 , which is often observed on the surfaces of Pt nanoparticles coated with chemical species, was not detected at all, and the present NMR spectra were found to be in good agreement with the NMR spectra of the "clean" nanoparticle samples observed in previous studies 10, 12 ; thus, we can conclude that the effect of the PVP coating was negligible.
To discuss the difference in the electron correlations on the surface and in the interior, the Knight-shift dependence of (1/T 1 T ) 1/2 in the "metallic range" is shown in Fig. 2 (a) , which also shows the previous results obtained by Rhodes et al. 16 . The 1/T 1 results obtained in this study are in good agreement with the results of previous studies 16 . As discussed below, 1/T 1 showed the metallic behavior (T 1 T = constant) in the high-temperature range, termed the metallic range in this paper. Note that (1/T 1 T ) 1/2 and K are related to the local DOS, and (1/T 1 T ) 1/2 decreases at the NMR peak with a smaller Knight shift. More interestingly, the relationship between (1/T 1 T ) 1/2 and K is almost independent of the particle diameter. This clearly indicates that the electronic properties in the metallic range are not characterized based on the particle diameter but are determined through K, namely, the local DOS of the 5d electrons.
In general, when the nuclear spin-lattice relaxation is caused by the interaction between the Fermi contact and polarized conduction-electron spins, which also induces the Knight shift, the Knight shift and 1/T 1 exhibit the 1
Here, k B is the Boltzmann constant, is the reduced Planck constant, and γ e and γ n are the gyromagnetic ratios of the electron and 195 Pt nucleus, respectively. κ(α) is a physical quantity, reflecting the magnetic correlations of the system and originating from the many-body effect. This is a unit for a metal in which electron correlations can be neglected but is much smaller (larger) than unity when ferromagnetic (antiferromagnetic) correlations become significant 18 . To estimate κ(α), we must determine K spin , as the observed Knight shift is the sum of the spin and orbital contributions, that is, K = K spin +K orb . Based on the work by Rhodes et al. 16 used: K orb = 0.46 %. Further, κ(α) was evaluated as shown in Fig. 2 (b) . Similar to that of the bulk, κ(α) of the interior region is much smaller than unity and increases noticeably from the interior to the surface regions, implying that the electronic correlations differ from the interior to the surface. The magnetic properties in the interior region are similar to those of the bulk Pt, with the electronic correlation become weaker with a decrease in the local DOS of the d-electron near the surface. Although the value of κ(α) that is larger than unity at the surface might include an ambiguity, the larger value of κ(α) of the surface region suggests that the spin correlation might be antiferromagnetic. The electronic correlations for one particle seem to be widely distributed; however, the electron correlations were well determined according to the local DOS of the 5d electrons in Pt. Next, we discuss the low-temperature range, in which anomalous behaviors in 1/T 1 were observed. shows the temperature dependence of 1/T 1 of the 4.0nm nanoparticle sample. The value of 1/T 1 for both the interior and surface regions exhibited metallic behavior down to 20 K. Surprisingly, 1/T 1 for both the regions rapidly increased below 20 K, reached a maximum at approximately 3 K, and then decreased sharply. The recovery curves of the nuclear magnetization exhibit multi-component behavior below 4 K. Thus, the fastest and slowest components of 1/T 1 are shown in Fig. 3 . Although the 1/T 1 values of the interior and surface regions differ, the enhancement behavior of 1/T 1 is relatively similar between these two regions. Therefore, this anomalous enhancement can be said to be a result of other than a surface effect and is independent of the local DOS of the 5d electrons for the electronic correlations. Although this anomalous behavior is reminiscent of the magnetic ordering, no appreciable broadening was observed in the NMR spectra down to 1.5 K; thus, this possibility can be excluded.
Alternatively, we considered that this anomalous behavior may be related to the sample size, and thus investigated the diameter dependence of 1/T 1 in four nanoparticle samples with different diameters. Figure 4 shows the temperature dependence of 1/T 1 of the four samples. In the metallic range, 1/T 1 was almost independent of the size; however, the broad maximum behavior was observed in all the samples at different temperatures. The anomalous temperatures, below which 1/T 1 starts to be enhanced, increase in those samples with a smaller diameter. Thus, we regarded the temperatures at which 1/T 1 deviates from the metallic behavior (indicated by arrows in Fig. 4) to be the characteristic temperature T * of this anomaly, and plotted the size-dependence of this characteristic temperature, as shown in the inset in Fig. 4 . The figure also plots the energy-gap temperatures predicted by the Kubo theory, in which we used the relationship of T Kubo = δ Kubo /k B = (k B N D(ε F )) −11 . D(ε F )(= 0.853 states/eV/atom/spin 19 ) is the DOS of the bulk Pt, and N is the number of atoms in each sample size of nanoparticles with integer shells. The characteristic temperatures are in good agreement with the gap temperature estimated using the Kubo theory 1 .
In contrast to the remarkable anomalies in 1/T 1 , we observed no appreciable spectrum change for the Pt nanoparticles at low temperatures. Several studies 5, 20 have reported that, for Li and Cu nanoparticles, the Knight shift, and thus the spin susceptibility, decreases at low temperatures. The unchanged spin susceptibility of Pt nanoparticles could be a result of the strong spin-orbit coupling, which suppresses the Kubo effect on magnetic susceptibility 4 . In contrast, as described earlier, a clear anomaly is observed in the temperature dependence of 1/T 1 , which is related to the electronic spin dynamics originating from δ Kubo , as spin-orbit coupling generally does not suppress the electron dynamics.
The enhanced behavior of 1/T 1 can be well interpreted by the Bloembergen-Purcell-Pound (BPP) model 21, 22 . In this model, the nuclear spin-lattice relaxation is determined by the two-energy level hopping of an electron with the correlation time τ , and 1/T 1 is expressed as
(1)
where V 2 ∼ (AδS/ ) 2 is a parameter reflecting the strength of the coupling between the nuclear and electronic spins, like hyperfine coupling, and ω n is the NMR resonance frequency. The solid lines in Fig. 3 correspond to the fitting of the BPP model with the correlation time following the Arrhenius relation, τ = τ 0 exp(∆/k B T ). It is not a problem that this model does not explain the behavior in the metallic range, because the BPP model can be effective only for a temperature range that is sufficiently below the gap size, as only two levels are considered. The parameters used for these are 1/τ 0 = 8.0 (1/ns), V 2 = 1911×ω n (1/s), and ∆/k B = 9.6 K for the surface region, and 1/τ 0 = 6.1 (1/ns), V 2 = 4042 × ω n (1/s), and ∆/k B = 10 K for the interior region. Although the smaller V 2 than the Pt metallic hyperfine coupling constant has yet to be explained, it is quite interesting that the gap size ∆ estimated with the BPP model is almost the same as the mean energy gap predicted by the Kubo theory. This also suggests the presence of the gap at low temperatures, which is related to the Kubo effect.
As 1/T 1 possibly shows a gap behavior for 1/T 1 ∝ e −δ/kBT , which is far below T < δ Kubo /k B , the electronic state at low temperatures would be insulating. Thus, δ Kubo /k B may be regarded as being a kind of metalinsulator transition temperature for the nanoparticles and is tunable according to the nanoparticle diameter. To thoroughly clarify the electronic state at low temperatures, transport measurements using optical probes 23 have been planned.
In this study, we performed NMR measurements on Pt nanoparticles of various diameters to investigate the electronic states of nanoparticles of d-electron systems. Surface-interior separation was performed, and the dif-ference between the electron correlations of two regions (interior and surface) was clearly shown. We clarified the anomalous 1/T 1 behavior at low temperatures originating from the Kubo gap induced by the quantum-size effect; this behavior depends on the nanoparticle diameter and is observed over the entire region of one nanoparticle. The 1/T 1 behavior at low temperatures suggests the occurrence of size-tunable metal-insulator transition induced by the Kubo effect.
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I. Sample condition
The Pt nanoparticles coated with polyvinylpyrrollidon (PVP) were prepared by the reduction of metal ions with alcohol under aqueous conditions without the requirement for any harmful organic reagent. This was done by dissolving 3.0 mmol of K2PtCl4 in deionized water. Then, PVP and a reducing agent (ethylene glycol (EG) or triethylene glycol (TEG)) were added to the K2PtCl4 solution.
The solution was then heated to a certain temperature and held at that temperature for 1.5 h. The color of the precursor solution then slowly changed to black, indicating the formation of Pt nanoparticles.
After the completion of the reaction, the prepared nanoparticles were separated by centrifuging. Size control was achieved by adjusting the concentrations of the reagents and the PVP, as well as the temperature used for the synthesis (TAB. S1) Transmission electron microscopy (TEM) images of the PVP-coated nanoparticles are shown in Fig.   S1 (a). Using these TEM images, the average and variance of the diameter of the four nanoparticle samples were determined. The results are shown in Fig. S1 (b) as a histogram. For all four samples, the distribution of the diameter is around 15 %. To investigate the crystal structure, X-ray diffraction XRD measurements were carried out at room temperature. The results are shown in Fig. S2 . 
III. Heating effects
For the spin-echo method, we applied two RF pulses. Generally, the RF pulses heat the sample. The heating effects sometimes lead to multi-recovery. With the goal of eliminating this possibility, in this section we discuss the heating effects. This concern is frequently discussed in the case of bulk metal materials, in which the eddy current induced by the RF-pulses causes Joule heating.
In the case of nanoparticles, the heating effect is less likely. In general, because the heating effect is usually caused by the eddy current, this effect is small in powdered samples, especially insulating samples. As nanoparticles are "ultimately" powdered samples, heating is less likely. In addition, as our data suggested (and which would be theoretically expected), nanoparticles would be insulating at low temperatures, such that a heating effect would not be expected.
Experimentally, we have checked whether the results are changed by varying the energy of the RF-pulses. Figure S4 shows the NMR spectra of 4.0-nm samples at a temperature of 1.55 K. As the energy of the RF-pulses decreases, even to the point where the intensity of the NMR signal becomes so small that the signal-to-noise ratio worsens, the shape of the spectrum does not change. Figures   S5 and S6 show the recovery curves of the nuclear magnetization obtained by using RF pulses of various energies at temperatures of 8.0 and 1.60 K, respectively. When we decreased the energy of the RF pulses, the recovery curves did not change at all. Therefore, in the considered range of energies, the heating effects were negligibly small. 
